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In a previous study we assessed the feasibility of measuring bronchial-reactivity (BHR) in young
asthmatic children by the determination of PC20-FEV1 along with clinical end-of-test criteria
during a methacholine challenge test (MCT). The end-point was associated with a significant
reduction in both flow and vital capacity values. The findings could be due to the children’s
loss of motivation, which may preclude use of this test. Alternatively, if it reflects air trapping
during airway obstruction, it might reinforce its applicability in preschool age children.
Objectives: To elucidate the mechanism of low vital capacity at PC20-FEV1 in preschool age
children.
Subjects: Twenty-eight children (3.3e6.9 years) with recurrent respiratory symptoms.
Methods: An MCT was carried out using tripling doses (0.06e13.9 mg/ml) delivered by
a dosimeter. Spirometry was measured at baseline and after each inhalation in duplicate sets.
Whole body plethysmography was measured at baseline and at end-of-test (defined by clinical
criteria) according to the recommendations for older populations.
Results: Plethysmography was reliably performed by 20 children before and after MCT.
At baseline, lung function was within the healthy range. At end-of-test (PC20-
FEV1Z 4.02 3.47 mg/ml), the spirometry parameters and specific conductance values were
markedly reduced in correlation with a significant increase in residual volume and resistance.
Conclusions: The study shows that diminished vital capacity is due to the increase in FRC at
end-of-test. Our findings support the use of PC20-FEV1 during BHR in young children and suggestlmonary Unit, Meyer Children’s Hospital, Rambam Medical Center, Haifa 31096, Israel. Tel.: þ972 4
et (D. Vilozni).
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110 D. Vilozni et al.that lung volume measurement by a plethysmograph may be feasible in early childhood. Larger
studies should be performed to establish the clinical applicability of PC20-FEV1 determination
in the preschool age.
ª 2008 Elsevier Ltd. All rights reserved.Introduction
Measurements of bronchial hyper-reactivity (BHR) have
provided an insight into the physiological basis of asthma,
and provide a tool for asthma diagnosis, assessment of
asthma severity and response to treatment. In the
methacholine challenge test (MCT), the provocative
concentration reducing the forced expiratory volume in
the first second of expiration (FEV1) by 20% from baseline
(PC20-FEV1) is considered the end-point of the test.
1 MCT
using PC20-FEV1 was recently successfully tested in chil-
dren 6e8 years old.2,3 In children under 6 years, however,
bronchial provocation tests are confined to methods
which do not require active cooperation, such as the
forced or impulse oscillation technique and the inter-
rupter technique.4,5 We believe that given encourage-
ment, suitable teaching techniques, and measurement
conditions, most children between 2.5 and 6 years would
be able to undertake the multiple spirometry tests
needed for MCT. In our previous study we assessed the
feasibility of using spirometry for determining BHR by the
determination of PC20-FEV1 in relation to end-of-test
(EOT) criteria. EOT criteria were defined as the appear-
ance of audible wheeze, a fall of 5% in O2 saturation, or
an increase of 50% in the respiratory rate and/or heart
rate in asthmatic preschool children.6 In that study we
found that EOT criteria were accompanied by a significant
reduction of more than 20% in FEV1, but both flow and
forced vital capacity (FVC) of the forced expiratory flow
volume (FEFV) curves were reduced. Even though the
changes were gradual in most children, and were
accompanied by an increase in respiratory symptoms, we
could not exclude the possibility that exhaustion was
impairing the children’s cooperation and concentration,
and that they might have been unable to enlist sufficient
energy to perform adequate expiratory maneuvers. Such
loss of cooperation/concentration may preclude the use
of spirometry for determining bronchial hyper-reactivity
by spirometry in preschool age children.
In adults, acute bronchoconstriction is commonly associ-
ated with dynamic pulmonary hyperinflation, which may be
reflected by the degree of elevation of the end expiratory
lung volume above the relaxation volume of the respiratory
system i.e., elevation of functional residual capacity (FRC).7e9
Measurements of absolute lung volume (residual volume (RV)
and functional residual capacity (FRC)) determine if air is
trapped within the lungs. The preferable volume measures
for young children would be those that involve minimal
cooperation, either multiple breath gas wash-outs (MBW),10
which need a respiratory mass spectrometer, an N2 analyzer
(emission spectrophotometer), or an infrared gas analyzer,
or the helium-dilution technique,11,12 which is prone to
volume underestimation in the presence of trapped gas.13,14An alternative method for determining static lung
volume is whole body plethysmography. This technique is
well standardized for school children and adults15,16 and
has the advantage of measuring airway resistance in
relation to FRC. So far, only airway resistance has been
measured in preschool age children in the plethysmo-
graph.5,17 It is believed that young children will not
comply with the occlusions needed for lung volume
measurements in the plethysmograph. If plethysmographic
measurements of lung volume are successful and a physi-
ological relation between airway obstruction and hyper-
inflation at the end of MCT is established, it may reinforce
the applicability of the well-established PC20-FEV1 deter-
mination in adults and children, to preschool age
children.
The aims of the present study were to elucidate the
mechanism of the reduction in vital capacity at EOT of the
methacholine challenge test, and to determine whether it
is artificially related to the patients’ exhaustion, loss of
concentration/motivation/cooperation, or due to a true
elevation of FRC and air trapping, by attempting
measurements of FRC by a plethysmograph.Subjects and methods
Subjects
Preschool children referred to the Pediatric Pulmonary
Clinic, Meyer Children’s Hospital, Rambam Medical Center,
Haifa, over a 3-month period were recruited. None of the
children had previously experienced spirometry. Inclusion
criteria were: 3.0- to 6.9-year-old children who were
asthmatic according to GINA guidelines.18 All the children
had previously had recurrent episodes of wheeze, cough
and/or shortness of breath with clinical response to
a bronchodilator. Children were included only if they had
not received anti-inflammatory medication for at least one
week prior to the test or used bronchodilators for at least
24 h prior to the study.
On the day of testing, children were included if they had
normal chest auscultation and FEV1> 75% of that predicted
for healthy preschool children.1
Exclusion criteria
The exclusion criteria were the presence of other chronic
respiratory conditions, emergency room visit in the past 3
months, respiratory infection in the past month. Addition-
ally, children were excluded from the study if they could
not perform technically accepted spirometry at baseline
measurements. The Rambam Medical Center Ethics Board
approved the study. Parental consent was obtained for each
child.
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Methacholine challenge test (MCT)
MCT was performed according to the ATS guidelines1 and
was based on the shortened procedure of inhaling tripling
concentrations of methacholine.19 Tests were performed
in a designated room at the Pediatric Pulmonary Unit,
Meyer Children’s Hospital, Haifa, Israel. A parent and the
investigating team were present throughout the test. Tests
were performed with tripling doses of fresh methacholine
solutions (0.057e13.395 mg/ml) dissolved in saline. Solu-
tions were driven by a KoKo-PDS dosimeter (Ferraris
Respiratory, Louisville, CO) via a mouthpiece while the
child was sitting upright with a nose-clip and inhaling the
material for 2 min. Five-minute intervals were taken
between concentrations until the maximal concentration
or the end-point was reached (see below). Oxygen satu-
ration and heart rate were monitored continuously by
pulse-oximetry (Ohmeda Biox 3700 Pulse Oximeter, USA). A
single observer (LB) performed auscultation for 20 s over
the trachea and two zones of both lungs (upper front and
lower back) according to Springer et al.20 The following
indices were considered EOT: appearance of audible
wheeze, a fall of 5% in O2 saturation, or an increase of
50% in the respiratory rate and/or heart rate. Nebulized
albuterol (2.5 mg/ml) was administered after lung function
measurements.
Spirometry
FEFV curves were measured with a KoKo-PDS commercial
spirometer (Ferraris Respiratory, Louisville, CO), using the
program incentives targets (peak expiratory flow rate or
vital capacity). Calibration was performed before the
testing sessions. The curves were monitored on the
computer screen to ensure best effort. Online rejection of
curves was based on published quality control data for
older and preschool children21 including visual inspection
for ‘‘non-cooperation’’ errors, which included poor effort,
incomplete expiration, cough and glottis closure. Accept-
able curves had to show a rapid rise to peak flow, and
a gradual, smooth decline of flow, down to the residual
volume.
Whole body plethysmography
Lung volumes and airway resistance were measured in
a commercial, whole body ZAN500 constant volume body
plethysmograph (ZAN-Messgeraete GmbH, Germany). As
young children are unable to perform appropriate panting
maneuvers, the alternative is to perform a rapid inspiratory
maneuver against the closed shutter. According to the
manufacturer, FRCpleth measurements are performed upon
establishment of a constant tidal breathing measurement
of at least 10 consecutive tidal breaths (as in infant
plethysmography22). Occlusions from end expiration of tidal
breathing resulted in 2e3 breathing efforts, which were
sufficient to calculate FRC.
The plethysmograph is equipped with a graphic display
for preschool children, to increase cooperation. The chair
was adjusted so that the child could comfortably sit up
straight with a nose-clip, and reach the mouthpiece
without flexing the neck.The plethysmography procedure was performed
according to the recommendations.15,16 The test events
were explained to the child in detail: how to breathe
through the mouthpiece; how to support the cheeks with
both hands; how to breathe normally at a constant pace,
only through the mouth; how to breathe against occlusions
(hands on the mouth) for 2e3 breathing attempts, and then
to immediately perform the vital capacity maneuver. The
measurements were carried out in the same sequence as
explained to the child, beginning with normal tidal
breathing at a constant pace followed by Raw, FRCpleth
and VC maneuver. When the child was relaxed while sitting
in the plethysmograph with the door shut, measurements
began. Raw measurements were performed (only six curves
were inspected and the two closest and consecutive curves
were chosen for analysis). FRC was measured by allowing
for only 2e3 breathing attempt series of superimposed
straight lines (separated only by thermal drift). The best
test from the two technically accepted series was
analyzed. Inspiratory capacity (IC) followed by full expira-
tion maneuver was performed after opening the occlusions,
with the door of the plethysmograph open. No measure-
ment was disregarded unless an artifact due to a leak from
the mouthpiece, swallowing, coughing or vocalization was
displayed on-screen. Intra-individual measurement vari-
ability for FRC and Raw were calculated online by the
difference between two consecutive measurements.
Sequence of lung function tests
Baseline measurements included spirometry followed by
plethysmography. After baseline measurements were
taken, MCT was performed. A duplicate-spirometry set was
performed immediately after auscultation and during the
interval between inhalations. Plethysmography was
repeated following the last spirometry at EOT and after
auscultation.
Analysis and statistics
Spirometry
Three baseline spirometry curves were analyzed for
acceptability criteria according to the ATS/ERS guidelines
for preschool children.21 These included start of test, end-
of-test, and repeatability criteria. As control data for
spirometry we used our data equations for healthy
preschool children.23
Spirometry indices included FVC, FEV1, FEV0.5, FEV1/
FVC ratio, PEFR, forced expiratory flow at 25e75% FVC
(FEF25e75), and FEF50. Baseline values for spirometry
were further compared to healthy by z-score (the number
of standard deviations that a value deviates from the
expected mean of healthy). The exact PC20-FEV1 value was
then calculated by the program according to the log-
transformed formula as described in the guidelines for
methacholine and exercise challenge testing.1
Plethysmography
FRC, RV, TLC and Raw measurements were analyzed online
according to the recommendations for plethysmog-
raphy.15,16 After the automatic calculation of FRC, RV was
defined by subtracting the expiratory reserve volume (ERV)
Figure 1 Flow volume curves during MCT of two different
subjects. The largest curve is the baseline; the second largest
is the curve at PC20-FEV1 and the smallest curve is the EOT
curve. (A) The ratio of flow/vital capacity is constant. (B)
Reduction in flow is higher than reduction in VC.
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forced full expiration starting from the point of maximal
inspiration. Raw was calculated and normalized to the
volume. Specific conductance of the airways was calculated
by converting resistance to conductance (1/resistance)
divided by the measured FRC (SGawZ (1/(Raw*FRC))). Lung
volumes at baseline were compared to lung volumes at EOT.
There are no plethysmographic reference values for lung
volumes in healthy children in early childhood.We estimated
our baseline values by extrapolation from values of children
6 years old24 and to values of FRC measured by the helium-
dilution technique (FRC[He]) in healthy preschool chil-
dren.25 Comparisons between the baseline measurement
and healthy values were made by calculating actual as
a percentage of the predicted value, and by the z-score (the
number of standard deviations from healthy). A z-score
of 2SD or more was considered abnormal. Baseline values
were also compared to the EOT measurement values by %
change. All comparisons were analyzed by the paired Stu-
dent’s t-test. Correlations were sought between changes in
elevation of FRC and RV in relation to airways obstruction. A
p-value of less than 0.05 was considered significant.Results
Of the 28 children who were recruited, two children
refused to perform spirometry and plethysmography, and
another three refused to enter the plethysmograph. The
refusal to perform plethysmography was not age-depen-
dent and seemed to be due more to fear. Twenty-three of
the 28 children performed baseline spirometry and pleth-
ysmography before MCT. After MCT three more children
dropped out as they were too obstructed or too fatigued to
continue. Twenty children (9F/11M) went on to perform all
lung function measurements after MCT. Analyses presented
here were performed for 20 children. Their mean SD
height was 109 7 cm; weight 18.9 2.8 kg and age
5.0 0.9 years. All 20 children could produce FEV1 after
saline administration; therefore, post-saline FEV1
measurements were considered as baseline. Among the 20
children, four were 3 years old, five were 4 years old, six
were 5 years old and five were 6 years old. PC20-FEV1 was
4.02 3.47 mg/ml (range 0.21e10.45 mg/ml). The mean
concentration of MCH at EOT was 6.5 5.6 mg/ml, corre-
sponding with a mean fall of 36.1 10.3% in FEV1. One
child did not respond to methacholine up to 13.9 mg/ml
(sixth stage) and no respiratory symptoms were recorded.
The test was ended in the other children due to wheezing
(nZ 14), oxygen de-saturation (nZ 4) and tachypnea
accompanied by an audible long expiration (nZ 1). Two
types of FEFV curves were noted and are presented in
Fig. 1A and B. In Fig. 1A the flows are more reduced than
the volumes (obstruction) and in Fig. 1B, flows and
volumes are reduced by similar degrees (parallel fashion).
The double baseline measurements, response at PC20-
FEV1, and response at EOT (% predicted) are shown in
Fig. 1.
A representative sample of the measurements of FRC
and Raw by plethysmography is presented in Fig. 2. FRC and
Raw are presented at baseline and compared with EOT. The
teaching time and testing time lasted 10e15 min beforebaseline measurements. There was no need for additional
teaching post the challenge test.
Baseline lung function values are presented in Table 1.
Spirometry values are related to our healthy population.23
Two children presented with abnormally low FEV1 and five
children had abnormally low FEF25e75 values. The baseline
plethysmography measurements are presented in Table 2.
Values for plethysmography are related both to children 6
years old24 and to FRC values of healthy preschool
children.25
The change in lung function values at EOT in relation to
the baseline values is presented in Table 3. At EOT the
spirometry parameters and SGaw values were markedly
reduced, while FRC, RV, RV/TLC and Raw were significantly
increased (p< 0.001 for all parameters). TLC remained
unchanged. The number of children presenting with
abnormally low flows was doubled and 12 children had
a severe decrease between 30% fall and up to 51% fall from
baseline levels in FEV1.
A positive correlation was found between changes in
FEV1 values and the changes in SGaw as presented in Fig. 3.
Negative correlations were found between the increase in
FRC and fall of FEV1 and FEF50 from baseline levels at EOT.
Values are presented in Fig. 4.
Discussion
In the present study we evaluated the changes in lung volume
as measured by plethysmography during MCT in young asth-
matic children, to reassure the use of spirometry (determi-
nation of PC20-FEV1) during MCT in young asthmatic children.
During the test two types of reduction in the forced vital
capacity maneuver were noted (Fig. 1A and B). The common
one shows a higher reduction in flow than in volume, and the
other shows a parallel reduction in flow and volume. The
latter has been described in adults using allergen bronchial
provocation tests.26 Regardless of the type of the curve
(either type 1 or type 2), the study shows that diminished vital
capacity is due to an increase in FRC at end-of-test. During
the test we found that the changes in vital capacity were
gradual and were accompanied by an increase in respiratory
symptoms such as cough, wheeze, and reduction in FEV1/FVC
values. Our findings therefore support further exploration of
Figure 2 A representative plethysmograph test (3-year-old male). Changes in lung volumes are presented in the left panel;
changes in FRC and Raw measurements are presented in the right panel.
Table 2 Plethysmography measurements in relation to
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that lung volume measurement by a plethysmograph may be
feasible in early childhood.
Trapped air within the lungs
The fall in spirometry indices was proportionally related to
air trapping, and to SGaw (Figs. 3, 4) as previously
described in adults.26,27 The mechanisms leading to
dynamic hyperinflation in acute asthma attacks have been
reviewed8 and are not within the scope of this paper.
However, our previous suggestion that the reduction in vital
capacity in addition to the reduction in flow is not due to
the fatigue of the children performing the tests but rather
to air trapping is strengthened. Similar to our findings,
Lougheed et al.9 showed a mean reduction of vital capacity,
between 26% and 28% from baseline values, at the end of
MCT and a significant correlation between dynamic hyper-
inflations, during induced bronchoconstriction in asthmatic
adults.
Technical aspects
We faced several problems, including convincing the chil-
dren to sit in a closed box without a parent, acquaintingTable 1 Baseline spirometry values for 20 children who
performed all tests.
Parameter
(mean SD)
Baseline values
(% healthy23)
Baseline values
(z-score)
FVC 108 3 0.5 0.7
FEV1 113 15 0.8 0.7
FEV1/FVC 98 1 0.3 1.5
PEFR 98 18 0.1 1.1
FEF25e75 96 23 0.4 2.3
FEF50 90 21 0.4 2.4them with the test, or sealing the mouth around the
mouthpiece during occlusion. Further we allowed the
plethysmograph door to be opened after occlusions. Special
attention was given to the elimination of early termination
of end expiratory volume, which can artificially raise FRC
values at EOT.
We found that, with training and minor modification of
the recommendations for adults, children were able to
tolerate the occlusion sufficiently for FRC measurements to
be made in the plethysmograph. Moreover, 71% of the
children were able to repeat the measurements after MCT.
This high success rate may be due to the pre-selection bias
of children who could properly perform spirometry.
Nevertheless, these results are encouraging and suggest
that the method may be applicable in young ages. The
finding that reductions in flows (FEV1, PEF, FEF50) were
related to elevation of airway resistance, decrease in
conductance and increased trapped air, strengthens the
validity of FRC measurement in the plethysmograph in
young children.
There is no standardization for FRC measurement and
there are no reference values for preschool age. Therefore,healthy.
% Extrapolated
values for
plethysmography24
% Calculated
values compared
with He-dilution25
Significance
ERV 97 19
IC 98 12
FRC 131 17 118 16 p< 0.001
RV 117 23
TLC 107 8
RV/TLC 115 19
Raw 105 15
SGaw 75 15
Table 3 Mean SD and the range of change in the values
(% baseline) found at EOT.
Parameter Change from
baseline (%)
Range of change
(% baseline)
FVC 25 14 11 to 57
FEV1 31 13 19 to 64
PEFR 39 15 16 to 67
FEF25e75 47 14 20 to 75
FEF50 47 11 29 to 67
ERV 24 17 43 to 13
IC 36 16 11 to 56
FRC 38 19 15e82
RV 78 58 13e143
TLC 8 8 6 to 25
RV/TLC 49 19 2 to 148
Raw 72 56 3e192
SGaw 52 17 9 to 78
Figure 4 The correlation between the rise in FRC and the
decrease in IC.
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tions from standardized guidelines may need to be applied
and the potential effects of these variations on the results
should be studied.
As there are no lung volume reference values for healthy
preschool children measured by a plethysmograph, we esti-
mated our baseline values by the extrapolation of values
fromhealthy children6 years old or FRC(He)measurements
of healthypreschool children. Theuse of extrapolated values
has its drawbacks. In comparison with older children we
found increased baseline FRCpleth andRV values in one-third
of the patients, even in the absence of any evidence of
airway obstruction. Similarly, a comparison of our results of
FRCpleth to the predicted values of FRC(He) showed a similar
tendency. Previous studies on FRC(He) in asthmatic
preschool children and adults28e31 have indicated that over
50% of the children were hyperinflated, regardless of
symptom status, similar to our findings. We can therefore
assume that the baseline measurements were not skewed.
Finally, it should be remembered that MCT was
continued until any of the following clinical signals
occurred: appearance of audible wheeze, a fall of 5% in
O2 saturation, or an increase of 50% in the respiratory rate
and/or heart rate. These clinical end-points for the evalu-
ation of BHR in young children had previously been
used.32,33 We wish to stress again that the use of clinicalFigure 3 The correlation between elevation in FRC and fall
of FEV1 from baseline levels at EOT.signs without spirometry as EOT criteria may lead to an
elevation of up to 82% from baseline FRCpleth, with
decreases of SGaw by up to 57% from the baseline values.
Such findings have been reported in adults during severe
airway obstruction.31,34,35 One could argue that the signif-
icant changes in FRCpleth may be due to an overestimation
of FRC by this method. During a positive MCT test an
obstruction is produced in the patient’s airways. Thoracic
gas volume measured by the plethysmographic method may
be overestimated in relation to the degree of airway
obstruction,13,36,37 frequency of panting,38,39 and compli-
ance of upper airways.37,40 There is a controversy regarding
infants: underestimation of thoracic gas volume is known to
occur.14,41 In our study we found that the respiratory rate
was below 1 Hz; therefore we assume that neither of these
false readings has occurred. Our findings of extreme
changes in lung volumes at EOT, although reversible by
bronchodilators, do call for extra caution when performing
bronchial provocation tests without lung function testing.
Our results therefore suggest that PC20-FEV1 (or maybe
PC20-FEV0.5) can preclude inhalation of higher concentra-
tions of MCH used to achieve clinical EOT criteria, leading
to an alarmingly diminished flow, and a significant short-
ening of test time.
We conclude that the diminished vital capacity found
during clinical EOT criteria of MCT may be caused by true
elevation of FRC and trapped air in the lungs and is not due
to exhaustion/loss of cooperation or motivation in per-
forming repetitive spirometry measurements. The added
clinical value of PC20-FEV1 determination in the preschool
age group is yet to be explored. Lung volume measurements
by plethysmography may be feasible in early childhood.
There is a definite need for standardization of the method
and establishment of reference data of lung volumes in
preschool children.
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